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FOREWORD 


This  report  *>*s  prepared  by  the  Advanced  Lubrication  Project,  Product® 
Research  Division,  esow  Research  end  Engineering  Company  at  Linden,  Hew  Jersey 
under  Contract  AF33  (613)  2828.  Thie  program  is  administered  by  the  Air  Force 
Aaro  Propulsion  Laboratory,  .^search  and  Technology  Division,  Air  Force  Systems 
Coeansnd  with  Arthur  F.  Levenstein,  1/LT,  DSAF  aa  coordinator. 

This  report  covers  work  conducted  from  15  August  to  15  Kovembar,  1966. 


Hiaaidity  is  m  imwtmt  ns 

et$  mar.  For  note  yurs  h^ocj&fi&MI  mi  sJL^ss?  tmtki,  w^xje  &'jf_ 

friction  incrassa  with  cxygaa  aukd  wUtm&sgs&kg^  ti&&  >$foh:mi>s 

y4Sr  i«  tbs  controlling  a»4*  of  3&  iatoryl?. 

It  givas  wry  hij^i  van?  antf  friefioo  1®  4  jas&ifc  #k§£^®^>  .$&&  ,&&&&_ 
mi  natsr  greatly  raditces  tWi*  w*nr/.>  _T  .  '  ''"  A  ■  -  -  ■  _• 

"  -  ,  -  ,  ,  -  '  ^  ->T. 

Differences  sssong  &#&.  *j»  *ceaote£$gpd  fey  ’?**#• 

humidity,  high  load*  and  l-cfgfe  tfoe&srsfmi^  *2$f64'- 

of  ts'saaidity>,  load  ond  taf^wsiyre*  if  gr®Atjy  dteinifisvd*.  ;sad  CsW'  tliiGr^-sof, .  _-- 

ajsofig  fuel#  is  tmteh  .leet*.  ’  .,-  .-'  :J'  „r:?v"  -  ^,‘  ^  - 

Antio*ld«nt  ad^iisiwi*  do  not  sffee*;  fyiotlcd  *ad:wtt£rj.:  -~  ,- 

Subrieity  additives  euc.fe  as  oleic  acid  s?a  efieetiye  in  xw^^iog-  .com^iss.  5*ies? 
J>.;t  not  talssewitercu  Oleic  sc  Id  doac  a©£  reduce  tfe«  soar  of  wttfeyl  i&ph»h4'Um  - 
under  any  a cadi t tone >  .  -  '  ' ;  .'-  '.  z  Z.J 

Work  in  ths>‘ ism4i*t»  future  will  conifer*  to  Fje^«t£$»$ar  thiecepUi*  - 
interaction  between  fuel  ccopMitioa*  a£*a*phftr»  ‘d8il  1  ,-"  -r 


. :  /?» gijbt  tSih'ft eas^*  hevarai  important  isst*  have  boess 

sdK  .  \.;^  y  .  -  ' 

i  Sit  JidjUT  si&ff&r  ia  fcfofeir  itiiricity  ^atfeiterls  t  its .  the  high  -dagrae  oJE 
pfelinis^  j&c&sdtgy  fe*  good  iftfctmi'.  stability  generally  .lead*  to  a  .fuel 
.  with  poor  Subtle ity.  Thai* -  ^s^^eky-clts*®4*-  fsefs  c®  casts*  xexitzte  field 
■-  problaa*.  -■.  ' 

•  fg®  fusl  component*  res possible  fox  good  lubricity  are  sseslsc«J«ssr 
weight  aromatics.  Other  ccwpowent*  eeeh  &z  sulfur  sad  nitrogen  cc$$oo»da 
&m  little  etfset.  '  -  -  '  \ 

"-  Smell  aaxnmt*  of  cot  roe  ion  inhibitors  or  opscif.ie  lubricity  additives 

_  '  impngv*  lubricity  markedly,  ev*>  ms  cm&ntXMt'ioa&.jus-  Jew  as  10  ppm. 

L.  „  '  la  the  Imt  Quarterly  »t«por t  «<s*e  preliminary 'findings  were  presented  oh 

■fc^s  «.?£*«£  df  t^jeriture  sad  aiirreuading  abac  >pWr*.  The  effect  #£  tsaperature 
was  re|isiW»ty  sriaor,  wo  c  of  the.  effect  being  tbe  reduction  of  viscosity  .it  higher 
S«e^*_t»r<&s.'  the  surrounding  atweaphars,  however,  was  .fowsd  to  be  extremely  iw- 
$o$rfcdaC»  iHssplved  oxygen  it  a  strong  pro-wear  agent  ia  typical  jat  fuels  end  oaar 
greatly  reduced  if  testa  ar*  run  under  a  blanket  of  an  inert  gaa.  In  addi¬ 
tion,  ayaevgistic  effects  were  found  for  fuels  containing  both  sccastlcs  and  psraf* 
finico  and  there  ia  a  pronounced  interaction  between  fuel  eoespojition  and  oxygen 
availability. 

fbe  work  ?r«?enfced  in  this  report  is  largely  confined  to  broadening  cur 
uaaeratandiag  of  the  effect  of  oxygen  arid  also  watt*/  --^por  on  friction  and  wear, 
bow  this  is  influenced  by  fuel  composition,  and  the  overall  effect  of  temperature 
os  ail  of  this. 


,  la  the  previous  Report:,  it  am  ?%wn  ia  tbx  four-ball  test  that  there  was 
m  telerest lag  synergistic  effect  the  isopsraffisls  Rayol  35  «nd  the  heavy 

arezstic  methylnapfethalese.  Sm,lt  ssdunts  of  either  cflcpoesat  is  the  other  would 
Sring  about  a  narked  r#4acti<^/M%ear.  The  optimum  alxture  appeared  to  b*  about 
30%  tuethyioaphthaleae  in  ?@I  Ssyol  35- 

*y  y 

These  tests  m-xo  .repeated  mint  the  bAli-on-cylinder  apparatus-  The  £*»a 

results  were  obtained  as  shown  in  Figure  1-  At  this  flaw,  it  was  found  that  f&e 
redistilled  mttbylaaphtbalcn®,  which  was  known  to  contain  hath  the  1-aeethyl  «&d  2- 
nethyl  leomtti  in  about  equal  amounts,  also  contained  about  51  of  a  third  component, 
and  that  the  sulfur  content  was  0.861.  The  third  component  is  *vififet%  a  sulfur 
cdotpound,  probably  a  thiophene,’  boiling  very  close  to  the  *ethylnaphtfe*i«>e,  and 
perhaps  forcing  an  azeotrope.  A  9*mpl&  of  "high  purity*'  l-»ethyl&ejihth*i,*ne  yns 
therefore  purchased  and  tested  in  30%  concentration  in  2ayol  35/  TSa*  result, 'also 
shown  ist  Pigure  1,  is  a  check  of  the  previous  result.  Ho^evef ,  this  sample  of  !•* 
nethylnaphthalene  also  iiad  an  impurity,  for  it  Aosl^zeTat  0.391  5.  '  There  is' some 
question,  therefore,  whether  this  sulfur  caapound  wight  be  causing  tom  of  the  ef¬ 
fects  xd&sd  for  methylnaphthaiese.  It  is  our  opinion,  however,  thgt  this  sulfur 
compound  is  not  the  active  component.  Data  reported  previously  indicated  nosul- 
fur  compound  to  be  this  active,  and  we  believe  the  effect -is  purely  one  of  heavy 
aromatics.  However,  this  ■will  be  studied  further. 

Figure  1  also  shows  the  friction  values,  which  were  not  measured  in  the 
four™ ball  tesi*  Unlike  the  wear  results,  no  synergism  was  found.  Friction  was 
highest  with  Siayol  35  and  lowest  with  aetbylnaphthalene,  with  no  miateua  in  the 
curve, 

B.  Effect  of  Dissolved  Water 

Earlier,  tests  had  shown  that  oxygen  increases  wear  by  a  corrosion  process, 
the  resultant  wear  particles  being  largely  FeO.  It  would  therefore  be  likely  that 
this  corrosion  would  be  accelerated  by  the  presence  of  dissolved  water.  This  was 
first  confirmed  fey  a  series  of  four-ball  wear  tests  run  in  air,  using  heptane  as  the 
test  liquid.  In  these  tests,  a  layer  of  liquid  water  was  put  in  the  bottom  of  the 
teat  cup.  This  insured  that  die  heptane  was  saturated  with  water  throughout  the 
test. 

The  effect  of  this  dissolved  water  is  shown  in  Figure  2.  Tie  wear  scar 
diameter  increased  by  40%,  corresponding  to  an  increase  in  wear  rate  (grams/minute) 
of  4- fold. 

This  result  made  it  obvious  that  the  relative  humidity  of  the  atmosphere 
arcur.1  the  teat  is  a  very  important  variable  The  amount  of  water  that  will  dissolve 
can  be  expected  to  depend  on  the  partial  pressure  (i.e.,  die  humidity)  of  the  sur¬ 
rounding  atmosphere. 

To  confirm  this,  another  series  of  four-bail  tests  were  run  in  *  th  0% 
and  100%  hisaidity,  in  both  the  presence  and  sbstsjce  of  oxygen.  The  fuels  were 

Bsyot  35,  aa  thy laaph tha leas ,  and  s  70/30  mixture  of  the  two.  Data  ,  -ated  in  die 
previous  Report  had  shown  these.  two  fuels  to  behave  quite  different  coward  oxygen: 
Bay®  l  35,  an  isoparaff inic  fuel,  gave  low  wear  la  the  absence  of  oxygen  and  increasing 


wear  as  the  oxygen  content  increased.  Methylnaphthalene,  on  the  other  hand,  gave 
extremely  high  wear  in  the  absence  e£  oxygen,  indicating  an  entirely  different 
mode  of  wear.  The  70/30  mixture  gave  lower  wear  than  either  pure  component  and 
this  was  true  both  in  the  presence  and  absence  of  oxygen. 

These  tests  were  all  run  with  the  plastic  collar  around  the  test  cup,  and 
Che  controlled  atmosphere  bled  in  continuously.  Conditions  of  1007,  R.H.  were  ob¬ 
tained  simply  by  bubbling  the  gas  (air  or  argon)  through  water.  Dry  conditions  (07. 
RH)  were  obtained  with  argon  (99.9957.  Ar)  by  using  it  directly  from  the  gas  cylin¬ 
der,  where  it  is  completely  anhydrous.  This  was  also  done  with  cylinder  air,  al¬ 
though  in  some  of  the  earlier  tests,  ordinary  compressed  air  was  passed  through  a 
desiccant  instead. 

The  effect  of  dissolved  water  is  shown  in  Figures  3  and  4.  Figure  3  gives 
the  data  in  air.  The  effect  of  humidity  is  to  increase  the  wear  of  Bayol  35,  but 
to  decrease  the  wear  of  methylnaphthalene.  Figure  4  gives  the  data  in  argon.  Under 
humid  conditions,  the  differences  in  behavior  between  the  different  fuels  is  com¬ 
pletely  wiped  out:  The  catastrophic  wear  of  methylnaphthalene  in  dry  argon  disap¬ 
pears.  So  does  the  synergistic  effect  of  mixtures  of  Bayol  35  and  methylnaphthalene. 
Thus,  in  the  absence  of  oxygen,  water  is  the  great  equalizer.  But  in  the  presence 
of  oxygen,  water  may  either  increase  or  decrease  wear,  depending  on  fuel  composition. 

C.  Effect  of  Dissolved  Water  and  Oxygen 
With  Commercial  Fuels _ 


Because  of  the  importance  of  both  oxygen  and  water  vapor  in  the  surround¬ 
ing  atmosphere,  it  was  decided  to  evaluate  the  commercial  jet  fuels  under  the  four 
combinations  of  wet  air,  dry  air,  wet  argon,  and  dry  argon.  Previous  data  had  been 
obtained  in  room  air — 217.  oxygen  and  uncontrolled  humidity. 

Five  commercial  fuels  were  chosen  (FW-523,  RAF-164-64,  JP-4,  JP-5,  and 
Bayol  35)  at  160F  and  were  run  at  various  loads  of  240g,  480g,  and  lOOOg.  These 
tests  were  carried  out  in  the  modified  ball-on-cy binder  rig  with  an  enclosed  fuel* 
circulating  system  under  the  same  four  atmospheres:  dry  air,  wet  air,  dry  argon, 
wet  argon.  The  wet  air  and  wet  argon  were  very  close  to  1007.  relative  humidity  ac¬ 
cording  to  readings  of  dry  and  wet  bulb  temperatures. 

The  test  results  are  shown  in  Table  l  and  the  wear  scar  diameters  versus 
loads  are  plotted  in  Figures  5  through  9.  Several  common  friction  and  wear  phenol 
ena  among  these  fuels  are  noteworthy:  (1)  friction  and  wear  are  higher  in  air  than 
in  argon  for  both  dry  and  wet  conditions;  (2)  friction  and  wear  in  argon  are  not 
only  lower  but  al3o  less  dependent  cr.  lend  than  in  air,  so  eftat  the  difference  of 
friction  and  wear  in  air  and  argon  is  more  evident  at  higher  loads;  (3)  wear  in  wet 
air  is  higher  than  in  dry  air,  (4)  the  difference  In  friction  and  wear  in  dry  and 
wet  argon  is  rather  small,  indicating  that  moisture  may  not  be  detrimental  in  an 
inert  atmosphere  and  (5)  metallic  contact  appears  generally  lower  in  air  than  in 
argon.  It  seems  that  the  oxide  film  is  continuously  formed  and  is  taken  off  in 
sliding  contact.  The  continuous  removal  of  the  oxide  film  by  rubbing  is  the  prob¬ 
able  cause  of  higher  wear  in  an  oxidizing  atmosphere  despite  its  lower  metallic 
contact . 

These  results  again  showed  that  the  highly-refined  fuels  give  higher  wear 
than  other  commercial  fuels  in  air:  in  wet  air,  PW-523  and  Bayol  35  gave  appreci¬ 
ably  higher  wear  than  other  fuels,  both  at  480g  end  lOOOg,  in  dry  air,  PU-523  con¬ 
sistently  gave  higher  wear  at  all  loads.  In  argon, the  highly-refined  fuels  did  not 
appear  to  oe  inferio  to  other  fuels.  On  the  contrary,  JP-5  and  RAF-176-64  gave 
s’tghtiy  higher  wear  *han  the  other  two  fuels  ir.  wet  argon  at  lOOOg  load.  This 
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d£ffc»r«ace,  although  not  highly  significant,  is  rather  aaoaalou*.  jp«4,  which  has 
a. lower  viscosity  fcfaaa  the  other  fuels,  could  sot  be  run  &t  lOOOg  in  air  because 
of  excessive  friction.  At  lower  loads,  it  gave  fairly  low  wear  sad  friction, 

^  A  series  of  tests  was  also  made  on  Sayol  35  at  lOOOg  sad  160?  in  dry  air, 

rows  ait,  and  air  saturated  with  moisture,  to  evaluate  the  effect  of  an  in termed late 
moisture  content  on  friction  and  wear.  The  results,  given  in  Table  2,  show  that 
friction  and  wear  in  dry  air  and  in  humid  air  are  certainly  different  and  that  26% 
fill  (room  air)  has  about  the  seme  effect  as  100%  RH. 

D»  Effect  of. Temperature 

Four-ball  data  reported  earlier  had  shown  some  effect  for  temperature, 
particularly  for  the  poor-lubricity  fuels.  It  also  appeared  desirable  tQ  find  if 
there  was  an  interaction  between  temperature  and  atmosphere.  These  tests  have 
been  extended  to  the  ball-on-cylicdar  rig  and  the  Vickers  pump. 

K  -  >  *  v 

1.  Four-Ball  Tests 

A  preliminary  series  of  runs  was  made  in  the  four-ball  tester  to  see  if 
corrosive  wear  is  unusually  temperature-sensitive.  Bayol  35  in  room  air  ia  known 
to  give  corrosive  wear.  Therefore,  it  was  tested  at  temperatures  from  36C  (97?) 
ho  (25/r) .  The  results  are  given  in  the  table  below. 


Effect  of 

Temperature  <m  Wear 

Bayol  35  in  Room  Air 

(4-Ball  Tests,  1200  rpa,  36C,  10  kg,  15  min) 

Temperature,  8C 

Wear  Scar  Diameter,  am 

36 

6.67 

63 

0.74 

99 

0,73 

125 

0.76 

It  can  ba  seen  that  wear  increases  somewhat  with  temperature,  but  the  in- 
crease  ia,  if  anything,  less  than  expected.  The  four-ball  tester  does  not  seem  to 
ba  very  sensitive  under  these  conditions. 

2.  Ball-on-Cvlinder  Tests 

The  bail-on-cylinder  device  shows  a  considerably  greater  sensitivity  to 
fcesspso-ature.  Tests  ware  run  m  Bayol  33  at  various  loads  at  240?.  The  results 
are  tabulated  ia  Table  3  togs-. tbs r  with  those  obtained  frm  testa  era  J60F  end  87? 
previously  reported.  In  sc  inert  atmosphere,  friction  and  wear  showed  only  a  minor 
dependence  on  temperature .  However,  m  air  the  effects  wore  pronounced.  For  the 
4£0g  load,  both  friction  and  wear  &t  240?  ware  double  than  sr.  160?,  at  240F  end 
100Og  load,  the  friction  was  so  excess iva  the  test  had  t&  he  terminated. 

The  affect  of  temperature  ia  even  more  striking  when  plotted  at  differ¬ 
ent  c once .i t £vi t i urui  n£  dissolved  oxygen  as  ie  Figure  50.  year  scar  diameters  wsrc 
2*3  times  higher  at  240?  than  ;jc  165?.  Friction  data  &r •*  gives  in  \ h : >s. 


TABLE  3 

EFFECT  OF  TEMP  MATURE 
ON  FRICTION  MO  WEAR  OF  BAYOL  35 

Ball-On-Cylinder  Tests  (240  rpm,  32  tain) 


In  Air*  In  N?*  In  Air*  In  H?*  In  Air*  In  N?* 

i  i  muni  i  «  nr  '“*•*  -  —  it~ t~  >1  ii  ii  i  - r  MMiMiMani  ■  n  w— —‘■Kg— 


Wear  Scar,  ran 

@  87  °F 
@  lOO^F 
@  240 "F 

Coefficient  of.  Friction 


<?  87”? 
@  160°F 
@  240 °F 


0-15 

0.27** 


0.14 

0.16** 

0.32** 


0.12 

0.15** 

0.14** 


Motes : 

*  In  Air  -  In  open  air  (in  equilibrium  with  atmospheric  moisture). 
In  1*2  ~  87°F  and  160°F  runs  in  Ng,  240*1  runs  in  Argon, 

**  Friction  trace  erratic. 


TABLE  4 


EFFECT  OF  OXYGEN  ON  WEAR 

Ball-On-Cylinder  Tests 
(24CF,  480g,  32  min,  240  rpm) 


Atmosphere 


Dissolved  02, 

oom 


Coefficient 
of  Prict*  on 


3.  Vickers  Vena  Pump  Testa 


Vickers  vane  pump  tests  war®  also  run  at  higher  temperatures  on  several 
commercial  fuels  in  a  nitrogen  atmosphere.  The  test  data  are  shown  in  Table  5. 

Since  the  viscosity  of  the  fuels  is  considerably  reduced  at  these  higher  tempera¬ 
tures,  the  pressure  could  cuiy  be  maintained  at  150  psig  or  lower  due  to  the  exces¬ 
sive  internal  leakage.  The  severity  of  the  test  depends  on  both  load  and  fuel  vis¬ 
cosity.  It  may  be  expressed  numerically  by  a  dimensionless  group,  //H.  where  V 

is  the  fuel  viscosity,  N  is  rotation  speed  of  the  pump,  and  P  is  the  pressure.  The 
pressure  is  equivalent  to  the  load  to  press  the  vanes  against  the  ring.  The  values 
of  //N,  were  estimated  to  be  1.82  x  10"®  with  Bayol  35  and  1.10  x  10"®  with  PW-523 

at  tile  lower  temperature  of  90F  and  350  psig  under  which  conditions  very  severe 
wear  were  observed.  The  values  of  // N.  for  this  series  of  teats,  as  shown  in  Table 

p 

5,  were  close  to  the  above  values,  indicating  that  the  severity  of  these  tests  might 
be  similar  to  those  at  the  low  temperatures,  despite  the  difference  in  pressure. 
Therefore,  these  test  conditions  evaluate  the  effect  of  temperature  per  se,  apart 
from  its  effect  on  viscosity. 

The  results  confirm  that  wear  can  be  reduced  to  a  very  lew  level  in  an 
inert  atmosphere  even  at  a  rather  high  temperature.  This  may  lead  to  a  practical 
way  to  solve  the  lubricity  problem  of  jet  fuels  in  the  field.  Tests  in  dry  air 
and  in  wet  air  are  under  way  to  investigate  the  effect  of  humidity  and  oxygen. 


III.  MECHANISM  STUDIES 


The  data  presented  so  far  show  a  number  of  puzzling  effects  and  unusual 
interactions.  Particularly,  the  high  wear  of  methylnaphthalena  in  the  absence  of 
oxygen  and  water,  and  the  synergistic  effect  of  mixtures  of  Bayol  35  and  methyl- 
naphthalene  need  explaining.  Accordingly,  teats  are  being  carried  out  to  learn 
more  about  the  mechanism  by  which  these  effects  occur. 

A.  Effect  of  Inert  Atmosphere 

Although  it  seemed  fairly  obvious  that  the  difference  between  air  and 
argon  was  one  of  oxygen  vs.  no  oxygen,  some  four-ball  tests  were  run  to  see  if 
there  was  any  major  difference  between  three  inert  gases:  argon,  nitrogen  and 
carbon  dioxide.  The  results,  given  in  Table  6,  Indicate  that  the  inert  gases  are 
similar  if  not  identical  in  their  effect.  Particularly,  all  three,  when  dry,  gave 
very  high  wear  with  methylnaphthalena  ar.d,  when  wet,  gave  very  low  wear. 

All  subsequent  work  has  therefore  been  done  with  argon,  which  has  about 
the  same  solubility  as  oxygen,  and  can  be  obtained  as  99.995%  Ar  with  essentially 
no  water  whatsoever. 

B.  Effect  of  Antioxidants 
1*  ?ouT“Bsll  Tfists 


Oxygen  obviously  has  a  strong  effect  on  wear,  increasing  it  with  Bayol  35 
(paraffinic)  and  decreasing  it  with  methylnaphthalene  (aromatic).  It  also  appears 
that  the  primary  attack  of  oxygen  is  on  the  eetsi  to  form  FeO;  and  not  on  the  fuel 
to  form  oxidation  products  which  then  attack  the  metal.  However,  to  check  this,  a 
few  four-ball  runs  were  made  using  two  common  antioxidants:  phenyl-alpha-naphthyl- 
amine  (PAH)  and  A, 4* -methylene-bis-(2,6  di-t-butyl  phenol),  (MDTBP) .  Both  were  run 
at  1%  concentration  in  Bayol  35  and  methylnaphthalene.  This  is  far  above  the  usual 
concentration  in  jet  fuels,  but  was  used  to  magnify  any  effects.  Runs  were  made  in 
air  and  argon,  wet  and  dry. 

The  results  are  given  in  Table  7,  but  they  are  not  very  conclusive.  PAH 
reduces  the  wear  of  Bayol  35  in  all  cases  but  this  is  exactly  what  would  be  expected 
from  adding  a  heavy  aromatic  hydrocarbon,  which  is  what  PAN  is.  The  effect  seems 
more  probably  the  effect  of  PAN’s  aromaticity  rather  than  its  antioxidant  character. 
PAN  had  no  effect  on  the  wear  of  methylnaphthalene  in  argon;  nor  would  it  be  expected 
to.  MDTBP  reduced  the  wear  or  methylnaphthalene  in  dry  argon;  it  behaves  like  water 
in  this  respect.  But  again,  this  cannot  be  due  to  its  antioxidant  qualities. 

The  only  effects  that  could  be  connected  in  any  way  with  antioxidation 
are  the  decrease  in  wear  with  Bayol  35  in  wet  air,  and  with  methylnaphthalene  in 
dry  air.  Both  additives  are  effective  under  these  conditions. 

Further  tests  are  required  at  lower  concentrations  to  avoid  the  effects 
of  composition  change. 

Ball-on-Cylinder  Tests 

Ball-on-ey  Under  testa  were  carried  out  on  Bayol  35  containing  C.1% 

MDTBP,  and  various  contents  of  dissolved  oxygen  at  160?  and  lOCOg  loods.  The  re¬ 
sults  «re  pre~eot«d  i.n  Table  6  and  plotted  in  Figura  11  along  with  simile,  data  on 
Bayol  U  alone,  a*  d  Bayol  35  containing  oleic  add.  It  is  obvious  that  this 


TABLE  6 


EFFECT  OF  INERT  ATMOSPHERE 
(Four-Ball  Wear  Tests,  36C,  10kg,  1200  rpm,  15  min) 

Wear  Scar  Diameter,  mm _ _ 

Bsyol  33  Hvthyl  Hsphthn 


-2DL- 

Wet 

»DL 

Wet 

Argon 

0.58 

0.46 

1.78 

0.43 

Nitrogen 

0.72 

0.69 

1.54 

0.41 

Carbon  Dioxide 

0.59 

0.42 

1.62 

0.47 

Air 

0.56 

0.79 

0.62 

0.43 

Oxygen 

0.67 

0.75 

0.48 

0.46 

TABLE  7 


Antioxidant 

None 
1%  PAN* 

1%  HDTBP** 

None 

YU  PAN 
17.  MDTBF 


EFFECT  OF  ANTIOXIDANTS  ON  WEAR 
4-Ball  Tests:  1200  rpm,  36C.  10kg,  15  min 


Near  Scar  Diameter,  nro 
In  Argon  In  Air 


Base  Fuel 

.  SDL, 

Wet 

SESL. 

Wet 

Bayol  35 

0.53 

0.46 

0.56 

0.79 

»« 

0,42 

0.41 

0.40 

0.46 

it 

0.52 

0.50 

0.56 

0.59 

Methyl 

1.78 

0.43 

0.62 

0.43 

Naphthalene 

1.81 

0.41 

0.48 

0.38 

«» 

0.85 

0.46 

0,46 

0,40 

*  PAN  *  Phenyl- alpha-naph thy lamine 
**  MDTBP  «  4,4' -methylene -bis -(2, 6  di- 

t-butyl  phenol) 

TABLE  8 


(Ball-on' 


Atmosphere 

Argon 

2%  02  In  Argon 
7.3%  02  la  Argon 
Air 


EFFECTIVENESS  OF  ANTIOy.IDAWT 


0. 1%  MDTBP  in  Bayol  35 
Cylinder  Tests  -  16 OF,  lOOOg,  240  rpti) 


PPto  0„ 

Coefficient  of 
Friction 

Wear  freer 
DiamtmKo  can 

0.4 

0.14 

0.22 

6 

0.22 

0.29 

21 

0.22 

0.38 

59 

* 

0.65 

*  Erratically  high 


sncicSicsnt  is  ineffective  in  improving  the  lubricity  of.  the  base  fuel,  this  conr 
firms*  that  the  oxygen  attack  is  at  the  metal  surface  rather  than  oxidation  of  the 
fuel.  i- 


In  the  previous  Report,  it  was  foutid  that  oleic  acid  was  an  effective 
anfciweaf  additive  ta  the  presence  of  oxygen  but  not  in  its  absence.  (Sec  Figure 
11.)  This  suggastedvttiht  oleic  acid  might  be  working  by  preventing, corrosion 
rather  phan  by  any  inherent  lubricity  property.  To  learn  more  about  this,  oleic 
acid  wap  run  under  a  variety  of  conditions  in  the  four-ball  wear  tester. 

f 

.  Blends  of  50  ppm  oleic  acid  in  both  Bayol  35  and  taethylnaphthalene  ware 
run  in  both  argon  and  air,  both  wet  and  dfy.  Results  are  given  in  Table  9  and  in 


Figuree|.12,  13  and  14. 

‘  It  appears  that  oleic  acid  is  most  effective  in  reducing  corrosive  wear 
and  has. little  effect  elsewhere.  In  Bayol  35  in  air,  oleic  acid  cut  wear  in  half 
as  showh  in  Figure  12.  „  Essentially,  it  reduced  the  USD  to  a  low  level  of  about 

0.37  ran, regardless  cgf:  (the  humidity.  One  can  speculate  that  oleic  acid  is  func- 

fcionioglas,  a  corrosion  inhibitor,  forming  a  protective  film  on  the  surface  that 
repitfts (oxygen  attack. 

j  In  argon,  oleic  acid  again  maintained  wear  at  a  low  level.  As  shown  in 

t*5  4A.  UiAU  4—..  n  —  —  V-.fc  *j  4  T-  * _ *.v*- 

i  Agwac  xc  touuvcu  care  atudbAVcxj  UAgu  wear  xu  ux  y  axgu u>  Due  uxu  UVC  XUJL  UUtx 

reduce  the  lower  wear  in  wet  argon. 

L 

f  In  oethylnaphthalene,  oleic  acid  is  completely  ineffective.  It  did  not 

at.*  —  LiA  r  —  J _ _  t  4.  t. _ i  —t _  _a _ _rc _ ...  i.  _ 

awMvivu  v»a%5  vci jr  »*5«i  wotn.  XM  Ma/  ax^wit)  auw  xx  uau  wuxj  uuuvx  cxxcuxo  xu  UiC  vkUcx 

chees,  where  the  wear  was  already  low.  This  is  perhaps  not  too  surprising  for  it 
h$a  bee#  reported  in  the  literature  that  organic  acids  work  best  when  oxide  films 
are  present . 

;  Tests  of  this  nature  will  be  carried  out  on  other  lubricity  additives 
and  in  greater  detail. 


A^Ball  Wear  Tests:  1200  rpa,  36C,  10  Kg,  15  min 


Wear  Scar  Diameter,  mm 

r-xv- ~  n > 


Oleic  Acid 

Bayol  35 

Me 

Naphthalene 

Atmosphere 

Moist 

Wet 

Uhl. 

Moist 

Wat 

0 

Argon 

0.58 

.... 

0.46 

1.78 

— 

0.43 

50 

Argon 

0.30 

0.38 

0.44 

1.81 

1.76 

0.36 

0 

Air 

0.56 

— 

0.79 

0.48 

...... 

0.46 

50 

Air 

0.37 

0.38 

0.42 

0.53 

0.47 

0.38 

IV.  FUTURE  WORK 


It  ia  evident  that  at  least  four  factors  are  Important  in  lubricity:  hy¬ 
drocarbon  composition,  atmosphere,  temperature,  and  polar  additives.  A  fifth  factor- 
metallurgy  of  the  rubbing  surfaces--can  certainly  be  expected  to  be  important,  too. 

It  is  also  evident  that  there  is  a  complex  interaction  between  these  vari¬ 
ables.  Mixtures  of  paraffins  and  heavy  aromatics  give  less  wear  than  either  pure 
component;  oxygen  increases  the  wear  of  paraffins  but  decreases  the  wear  of  heavy 
aromatics;  polar  additives  decrease  wear  in  air  but  not  in  argon;  high  temperature 
cause  more  wear  and  friction  in  air  but  not  in  argon. 

Future  work  will  therefore  concentrate  on  these  interactions,  trying 
to  find  the  underlying  causes. 

®  A  large  number  of  hydrocarbons  will  be  evaluated,  both  in  the  pure  state 
and  as 'fixtures ,  to  observe  any  unusual  effects  and  to  get  a  partem  cor¬ 
relating  molecular  type  with  lubricity.  These  tests  will  bs  carried  out 
in  different  atmospheres,  as  has  already  been  started. 

©  Various  lubricity  additives,  corrosion  inhibitors,  and  other  jet  fuel  ad¬ 
ditives  will  be  examined  in  different  base  stocks,  different  atmospheres, 
and  different  temperatures. 

e  The  effect  of  fuel  oxidation  will  also  be  examined.  This  appears  to  be 
a  source  of  some  confusion  in  the  literature. 

®  Tests  will  be  run  in  the  Vickers  vane  pump  rig  at  higher  temperature  and 
also  in  different  atc<osf' ere. 

©  The  effect  of  metallurgy  will  be  examined  using  the  four-ball  tester  be¬ 
cause  of  the  ease  of  obtaining  test  specimens  in  this  machine.  This 
work  will  not  b*  gin  until  March  when  a  new  four-ball  machine  becomes 
available . 


